Polymer materials applications increasingly show sensitivity to single-chain variables such as molecular mass and copolymer composition. [1] [2] [3] While many parallel synthesis methods developed by the pharmaceutical and life science communities are being applied to polymer synthesis, 4, 5 there remains a need to construct polymeric material "libraries" that explore a wide range of polymer structures with accuracy, flexibility, and rapid, often precise, changes.
Recent development of various analytical methods, such as micrototal analytical systems (µTAS), 6, 7 have also increased the methodologies available for building polymer libraries. Particularly in screening processes, measurements require less and less material, causing much of the parallel synthesis products (typically carried out on 1-20-g scales) to go to waste. From both a scientific and an industrial perspective, it is desirable to develop a simple and economic combinatorial synthetic method to generate libraries with ranges of controlled polymer molecular mass and architecture, and copolymers with diversity in composition to generate detailed maps to probe structure-property relationships.
Here we demonstrate a method using microfluidic technology to create a micro-environment for continuous controlled radical polymerization, analogous to large-scale continuous reactors commonly used in industrial processes. Varying either the flow rate or the relative concentrations of reactants (i.e., stoichiometry) controls the molecular properties of the products. Molecular variables, here molecular mass, can be varied continuously. Well-defined materials with narrow molecular mass distributions produced inside the microfluidic reactor can be made available for processing, such as further mixing or coating on surfaces. In fact, the scale of this reactor is well matched to new high-throughput techniques that measure behavior of polymer films and solutions. [8] [9] [10] To fabricate the microchannel reactor, we employed a rapid device prototyping technique based on contact photolithography of a thiolene prepolymer. 11 Compared to poly(dimethylsiloxane) devices, 12, 13 this thiolene material has significantly improved solvent resistance, as shown by previous swelling experiments. 11 Our experiments also demonstrate that the device shows low oxygen permeability and good pressure stability, which is critical to sustain radical polymerization conditions. The device consists of a glass/ resin/glass-layered structure, which embeds a single channel (500 µm × 600 µm), with two channels and an active mixing chamber at the inlet and a single outlet ( Figure 1 ). The mixing chamber contains a small stir bar driven with a magnetic stir plate. The dimensions of this device are larger than typical microfluidics devices to accommodate the increasing viscosities of the reaction solution as the monomer conversion and polymer molecular mass increase. Still, this technique is limited to low conversion bulk or solution polymerizations. However, we do not consider this a major limitation, since many specialty polymers are of low molecular mass and are often prepared in solution.
Atom transfer radical polymerization (ATRP) of 2-hydroxypropyl methacrylate (HPMA) was used to compare the kinetics and controllability in this reactor relative to batch reactions. 14 Reagents were fed into the device via a dual rack syringe pump. Monomer and catalyst were added to one syringe, with a small amount of solvent (water/methanol, 50/50 by volume) to help the catalyst dissolve. The other syringe contained the same water/methanol mixture and initiator. The two syringes were set at identical pumping rates so that the final mixed solution had constant reagent concentrations. Two different initiator concentrations were tested ([initiator]:
[monomer] of 1:100 and 1:40). A series of pump speeds were applied for each initiator concentration. The microchannel reactor is designed to produce microgram samplessperhaps as trapped molecular gradientssfor rapid on-line analysis, which our future work will explore. To validate our device through conventional analysis we required larger specimen volumes; thus, for each set of reaction conditions, we collected steady-state samples for extended times. Additional details can be found in the Supporting Information.
Size exclusion chromatography (SEC) data for representative samples of poly(2-hydroxypropyl methacrylate) products are shown in Figure 2 . The series of thin lines represents the polymerization products with high initiator concentration (1:40), which were collected at varying flow rates. SEC analyses indicate symmetrical monomodal traces at all microchannel flow rates and show a polymer elution time shift as the pumping rate decreases and Table 1 . The bold line in Figure 2 represents a higher-molecular mass polymer produced at a pumping rate of 100 µL/h with low initiator concentration (1:100).
Reaction time can be calculated on the basis of the residence time in the channel, which is manipulated with device design and flow control. To match residence time with the targeted reaction time, a channel volume of 200 µL was chosen for HPMA. Because two syringe barrels are being discharged into the channel at the same speed, the solution flow rate is twice the pump speed. 11 At a flow rate of 100 µL/h, the conversion rate reaches 92% with a number average molecular mass (M n ) of 6240 g/mol and polydispersity (M w /M n ) of 1.21.
Many research groups are developing on-chip chromatographic 15 and spectroscopic methods 16 that will be integrated with this approach in future work to enable microscale synthesis and characterization of well-defined polymeric materials in gradient libraries. We envision this technique will enable more comprehensive studies than are currently possible, spanning vast areas of molecular variable space. This will benefit areas of research using materials incorporating expensive, often bioderived monomers and macroinitiators. It is important to point out that by using additional inlets the component concentration and stoichiometry can be controlled by adjusting the relative pump speeds to obtain results similar to this work. Additional work relating to this feature is currently underway.
It is desirable to operate the devices at higher temperatures to prepare many of the more common polymers by controlled radical polymerization. Ongoing work is targeted at extending the longterm stability of the devices at temperatures up to 100°C. Several preliminary polymerizations were carried out at elevated temperatures, and the data suggest that well-defined materials are still produced under these conditions.
In conclusion, we successfully designed a microchannel reactor for controlled polymerization. The molecular mass of the polymer produced is governed by the flow rate or polymerization time. The monomer conversion agrees well with the bulk reaction kinetics reported in the literature. The reactor is convenient and inexpensive to build, with a versatile design that can be reconfigured and prototyped in less than a day. Our results suggest that this continuous microreactor can be used to produce libraries of materials for direct integration with high-throughput processing and characterization methods. For example, our future work includes expanding the range of materials prepared by this method and linking the output to mixing and measurement techniques to study the influence of molecular composition and architecture on phase behavior and mechanical properties of polymer materials. 
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